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Abstract 


Measurements of momentum transfer coefficients were made for gas-surface interactions between 
the Space Shuttle reaction control jet plume gases and the solar panel array materials to be used 
on the International Space Station. Actual conditions were simulated using a supersonic nozzle 
source to produce beams of the gases with approximately the same average velocities as the gases 
have in the Shuttle plumes. Samples of the actual solar panel materials were mounted on a 
torsion balance that was used to measure the force exerted on the surfaces by the molecular 
beams. Measurements were made with H2, N2. CO, and CO2 incident upon the solar array 
material, Kapton, SiO^-coated Kapton, and Z-93-coated Al. The measurements showed that 
molecules scatter from the surfaces more specularly as the angle of incidence increases and that 
the scattering behavior has a strong dependence upon both the incident gas and velocity. These 
results show that for some technical surfaces the simple assumption of diffuse scattering with 
complete thermal accommodation is entirely inadequate. It is clear that additional measurements 
are required to produce models that more accurately describe the gas-surface interactions 
encountered in rarefied flow regimes. 

1 Background 

This project was motivated by the need to accurately model the forces exerted on the large solar 
panel arrays to be used on the International Space Station by gases emitted from the reaction 
control jets on the Space Shuttle. This effort has been one of the largest ever undertaken to 
measure and characterize momentum transferred to surfaces by incident gases. The experimental 
effort has resulted in the most comprehensive and accurate measurements ever made in this field. 
Using this data it is now possible to construct a limited number of accurate empirical models of 
forces exerted on spacecraft surface's by incident gases in rarefied flow regimes. The high accuracy 
of these measurements also makes it possible to obtain an understanding of fundamental 
microscopic gas-surface interaction properties. The results of these experiments show that, even 
from technical surfaces, molecules scatter more specularly as the angle of incidence increases, and 
that the scattering has a strong dependence upon both the incident gas and velocity. 

Theoretical advances were made in addition to the experimental contributions. Traditionally, the 
momentum accommodation coefficients have been used to analyze the momentum transferred to 
surfaces by incident gases in rarefied flow regimes. However, the momentum accommodation 
coefficients contain singularities that render them unusable for a large number of gas-surface 
interactions, including those that are of specific interest to NASA under investigation at LANL. 
Therefore, a new formalism was developed based upon two momentum transfer parameters called 
the reduced force coefficients. We have shown that the macroscopic: average momentum 
transferred to a surface by incident molecules in rarefied flow regimes can be completely 
characterized using the reduced force coefficients. These coefficients can also be used to 
determined the magnitude and direction of the flux-weighted average velocity of the scattered 
molecules. 

In the past, a knowledge of the energy accommodation coefficient was required to determine the 
flux-weighted average translational energy of the scattered molecules. Accurate measurements ol 
energy accommodation coefficients are difficult, however, and would introduce an additional 
source of uncertainty. A formula was derived using the reduced force coefficients that accurately 
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approximates the flux-weighted average translational energy of the scattered molecules, thereby 
eliminating the need to measure energy accommodation coefficients. This breakthrough makes it 
possible to uniquely determine the adjustable parameters in the Nocilla. gas-surface interaction 
model solely from measurements of the momentum transferred to surfaces by incident gases. 

This project to date has resulted in one Ph.D. dissertation and six refereed publications 
[1, 2, 3, 1. 5, 6, 7]. Four additional manuscripts are near completion and will be submitted to 
Physical Review E. The apparatus has been extensively improved and is now fully operational. In 
addition, many new and exciting results have been recently obtained and will be published in 
future articles. 

Recently, a differentially pumped time-of- flight system was added to the apparatus that will allow 
accurate measurements of the velocity distribution functions of molecules scattered from surfaces. 
This system was designed so that during time-of-flight measurements, the torsion balance can be 
used to simultaneously measure the momentum transferred to the surface by the incident gas. 
This experimental capability will make it possible to compare approximate velocity distribution 
functions of the scattered molecules constructed from the macroscopic average transfer of 
momentum and energy to the surfaces by the incident gases, such as the Nocilla model, with the 
actual measured velocity distribution functions of the scattered molecules. 

fn addition, an improved torsion balance has been fabricated that can be used to measure both 
the momentum transfer coefficients and the absolute flux densities of the molecular beams. This 
new torsion balance will simplify the experimental procedures, reduce the time taken to complete 
a set of measurements, and increase the accuracy of the results. Accuracy is increased mainly due 
to eliminating the use of mass spectrometers to measure the percentage of each gas species in the 
molecular beams. 


2 The Momentum Accommodation Coefficients 


The tangential rr and normal <r f momentum accommodation coefficients can be expressed as [8] 


Vi sin Oi — v s sin 9 S 
Vi sin 6i 


(i) 


n t _ Vi cos Oj - Vs cos Os ^ 

lii cos (),: — \J 7rA’T /2m ’ 

where v is the magnitude of the flux-weighted average (hereafter referred to as average) velocity, 9 
is the angle between the average velocity and the surface normal, the subscripts i and s represent 
the incident and scattered molecules respectively, k is Boltzmann's constant, T is the temperature 
of the scattering surface, and m is the mass of the individual gas molecules. The quantity 
\J TxkT /'2in is the average velocity of the scattered molecules assuming diffuse scattering from the 
surface with complete thermal accommodation [8]. 


For many applications the tangential momentum accommodation coefficient has a removable 
singularity at an angle of incidence 0 t normal to the surface and is well behaved. However, for 
applications where 9„ is not equal to zero at normal angles of incidence, the tangential coefficient 
would diverge. Problems with the singularity in the normal momentum accommodation 
coefficient result in divergent behavior for essentially every application involving a directed gas 
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flow. In addition, the angle of incidence at which the singularity occurs is a function of the 
average velocity of the incident molecules and the temperature of the scattering surface. For the 
gas-surface interactions considered in this report, the angle of incidence at which the singularity 
occurred ranged from 55° to 85 r . The divergent behavior caused by this singularity made it 
nearly impossible to use the normal coefficient. 

To overcome this singularity problem, Knuth [9] defined a normal momentum transfer coefficient 
that eliminates the functional dependence of the singularity upon the average velocity of the 
incident molecules and the surface temperature. However, the coefficient diverges at large angles 
of incidence for all non specular scattering processes. Therefore, a new formalism was developed 
that completely eliminated the problems caused bv singularities. 


3 The Reduced Force Coefficients 


The definitions of the reduced force coefficients were arrived at by considering the force exerted 
on a surface by an incident molecular beam. The singularity problems were eliminated by defining 
the coefficients with denominators that are independent of the incident flow direction. The 
tangential ft and normal /„ reduced force coefficients are defined as 


ft = 


Vu - Pst 
Pi 


In = 


Pin + Psv 

Pi 


(») 

(-D 


where p is the magnitude of the average momentum, and the subscripts / and n are the tangential 
and normal components, respectively. The reduced force coefficients can also be written as 


ft — Ft/Niinvi, (5) 

f„ = Fn/NitnVi, (6) 

where F is the magnitude of the force exerted on the surface by the incident gas, and A 7 * is the 
total incident flux. Thus, the coefficients can be determined from measurements of F t , F n . 
and v 7 . Equations (3) and (4) can be used to express the magnitude and direction of the average 
velocity of the scattered molecules as 


v s — Viyjift - sill 0,)'^ + (/„ - COS ft) 2 . 


6 S = tan 


( sin Oj - ft \ 

V fn “COS Oj ' 


( 8 ) 


Spherical polar coordinates are used to define the directions of the average velocities of the 
incident and scattered molecules. The polar angle is measured from the surface normal, the 
azimuthal angle is 18(f for the average velocity of the incident molecules and is assumed to be (b 
for the average velocity of the scattered molecules, and the scattering surface is in the plane 
defined by the polar angle of 90°. 


A new parameter /a, called the scalar momentum accommodation coefficient is introduced and 
defined as _ _ 



The quantity p d is the magnitude of the average momentum of the scattered molecules assuming 
diffuse scattering and is given by x /7rkTm/2. The scalar momentum accommodation coefficient 
ranges between zero for specular scattering and one for diffuse scattering with complete thermal 
accommodation and is well defined for all angles of incidence. 


For applications where differences between the average energies associated with the internal-state 
distribution functions of the incident and scattered molecules can be neglected, the energy 
accommodation coefficient e can be written as [8, 10] 


e 


v? - 1-2 


,.2 


lk-T/m 


( 10 ) 


where v 2 is the average of the velocity squared, and AkT/m is the average of the velocity squared 
of the scattered molecules assuming diffuse scattering. A knowledge of the reduced force 
coefficients is not sufficient to determine the energy accommodation coefficient using Eq. (10). 
Additional information is required to determine uf. The simple assumption of equating 1% with v\ 
can result in errors as large as 60%. A more accurate approximation for v 2 can be made with an 
energy 7 accommodation coefficient t 7 based on the average velocities of the incident and scattered 
molecules. The coefficient is defined as 


/ 

e = 


c t c a 

v 2 t - 7rkT/2m ’ 


(ii) 


From a knowledge of the reduced force coefficients and the velocity distribution function of the 
molecular beam, the coefficient e f can be calculated. The uncertainty associated with the 
approximation of equating e f with e: has been shown to be less than ±1% for gas-surface 
interactions where the average energy of the incident molecules is large compared to kT [1]. With 
this approximation, v 2 can be written as 


v* = v?-t'(v$-4kT/m). (12) 

The quantity vf can be determined from a knowledge of the velocity distribution function of the 
incident molecules. The average translational energy of the scattered molecules can be obtained 
using Eq. (12). 


4 The Nocilla Gas-Surface Interaction Model 


The Nocilla gas-surface interaction model assumes that the velocity distribution function of the 
scattered molecules can be approximated using a drifting Maxwellian distribution function with 
most probable velocity U defined as [11] 


7V(v) 


rn \ 3 / 2 

MT.) eXP 


m(v — U) 2 

2 W. 


(13) 


where n and T s are the number density and temperature of the scattered molecules, respectively. 
The adjustable parameters in the Nocilla model are n, T s , and U. The most probable velocity of 
the scattered molecules is assumed to lie in the plane formed by the surface normal and the 
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average velocity of the incident molecules. Equations (14)- (17), obtained by integrating Eq. (Id), 
can be used to determine the four Nocilla model parameters: 


where 


<f>, = 



v H sin Q s — U sin 0 U . 


v a cos 0 S 


U Ac A ' 2 + (| + A' 2 ) E 

S c- Aa + V5FAS 


_ r/2 (2 + .s' 2 ) f “ Ai + (| + ‘‘ i ’ 2 ) ae 

= 52 f-A 2 + 0FAE 


U 

s/‘2kT H /ui 
A = ScosO u , 
E = 1 + erf A, 


( 11 ) 

(15) 

( 16 ) 

(17) 

(18) 

(19) 

( 20 ) 


4> s is the flux density of the scattered molecules, and is the angle between the surface normal 
and the most probable velocity U. Using Eqs. (15), (16) and (17) it can be shown that 


tan 0 H 


S sin 0 U ^ 

Ac A2 + s/tt + A 2 ) E 


( 21 ) 


(.S' sin 0 u f I 

(c~ a2 + v/tFAE 

) 

(2 T S 2 ) c ~ A 2 

+ v^l 

(l + .s-) 

AE 


(22) 


To determine S and 0 U . Eqs. (21) and (22) can be evaluated iteratively. Then Eq. (15) is used to 
determine U, and Eq. (18) is used to obtain T s . 


When the scattering angle 0 H is equal to zero, Eq. (15) implies 0 U must equal zero or 180 . For 
this special case, S can be determined from an equation obtained by combining Eqs. (21) and 
(22), given by 

3 A (e- s * ± ^SH f ) 

if = i L — - (23) 

v » (,/?(£ + S 2 )£'±Se 52 ) 

wlien^ 

E' = 1 ± erf.S, (21) 

A = (2 + .S’ 2 ) c ® a ± v^F (| + .S 2 ) .SE\ (25) 

The plus sign is used if 0 U equals zero while the minus sign is used if 0 U equals 180". Once S is 
known, U can be evaluated iteratively using Eq. (16). For all cases, alter 6 U , V , and *S have been 
determined, n can be obtained from Eq. (14) bv equating the incident and exit flux-densities. 


The angular distribution function / is defined by letting 1 ( 0 , <f>) r/S2 represent the fraction of 
that scatters into the differential solid angle di I about the direction defined by 9 and c J >. where o is 
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the spherical coordinate azimuthal angle. Using the Nocilla model to approximate the angular 
distribution function of the scattered molecules gives 


I ( 0 , <j)) = — cos 0 

7T 


,-s 2 


, A* 


+ ' 


(26) 


where 


and 


© = 1 + p 1 + \fxp + p 2 ^j ( 1 + erfp) e J> , 
p = S (sin 0 cos (1> sin 0 U + cos 6 cos 9 u ) . 


(27) 


(28) 


The angular distribution function can also be thought of as representing the probability that a 
molecule with incident velocity v f scatters into the solid angle d£l about the direction defined by 9 
and 0. Once the Nocilla model parameters have been determined, Eq. (26) can be used to 
approximate the angular distribution function of the scattered molecules. 


5 Experimented Results 

The experimental results were obtained from measurements of the forces exerted on surfaces by 
molecular beams ol the gases using a torsion balance. The torsion balance apparatus used to 
measure the forces, along with the techniques used to measure the flux-densities and velocity 
distribution functions of the molecular beams are described elsewherefl, 2]. The average velocities 
of the molecular beams ranged from 1670 m/s for C0 2 to 4620 m/s for H 2 . The total uncertainty 
in the reduced force coefficient measurements is estimated to be less than ±10%. 

Measurements of the reduced force coefficients for N 2 , CO, and C0 2 incident upon the solar 
pane], Si0 2 -coatecl Kapton, and Kapton showed that these gas-surface interactions have many 
similarities. Scanning electron microscope measurements revealed that the solar panel, 
Si0 2 -coated Kapton, and Kapton had similar surface roughness and were smooth on a scale of 
less than 1 pm. while the Z-93-coated aluminum surface was rough on a 100 pm scale. This 
contrast in surface roughness could account for the significant differences between the way the 
four gases scattered from Z-93-coated aluminum and the other three surfaces. 

Figures 1-32 are plots of the reduced force coefficients, v s /~i- 0 8 , and p as a function of the angle 
of incidence (9* for the various gas-surface interactions, while Tables 1 32 contain all actual 
experimental data. The gases N 2 , CO, and C0 2 can be seen to scatter from Z-93-coated 
aluminum diffusely with almost complete thermal accommodation by noting that 6 S is close to 
zero and p is dose to one at all angles of incidence. H 2 can be seen to scatter from Z-93-coated 
aluminum diffusely by noting that 9 S is close to zero for all angles of incidence. However, // varies 
widely over the range of angles of incidence. 

For the gases incident upon the solar panel, Si0 2 -coated Kapton, and Kapton v s and 9 a increase 
as the angle of incidence increases, consistent with the scattering becoming more specular. For 
large angles of incidence, the scattering angles for C0 2 are larger than for N 2 and CO, and the 
scattering angles for N 2 and CO are larger than for H 2 . This effect can be explained by noting 
that the mass of H 2 is significantly smaller than the mass of N 2 and CO, and the masses of N 2 
and CO are smaller than the mass of C0 2 and that a given force perpendicular to the direction of 
motion would deflect H 2 more than N 2 and CO. and would deflect N 2 and CO more than C0 2 . 
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Thus, for large angles of incidence where the scattering becomes more specular, it is reasonable to 
assume that the large repulsive force exerted on the molecules by the surface will deflect H 2 more 
than N 2 and CO, and will deflect N 2 and CO more than CO 2 . 


I 11 Figs. 33 64, polar plots of the angular distribution functions o{ the scattered molecules an' 
shown for the various gas-surface interactions. The Nocilla model parameters are shown in lables 
33 64 and were obtained for the gas-surface interactions using the previously outlined procedure. 
Negative values for 0 U imply that <p u is 180°. Equation (26) was then used to calculate the 
angular distribution functions. In these figures, the origin can be thought of as the impingement- 
point of the molecular beam, the vertical axis is perpendicular to the scattering surface, and the 
horizontal axis is defined bv the projection of U onto the plane of the scattering surface. figures 
33-64 show the intersection of the plane formed by the average velocity of the incident molecules 
and the surface normal with the three-dimensional angular distribution functions. The distance 
from the origin to a point on a. lobe times dil represents the probability that a molecule with the 
indicated average velocity scatters from the surface into a differential solid angle did about the 
direction defined by 0 and <f). These distances are defined by the tick marks on the horizontal and 
vertical axis. The portion of the horizontal axis to the right of the vertical axis corresponds to 
c f) = 0, and the portion to the left of the vertical axis corresponds to o — 180 . The polar angle is 
given along the circular axis of the graphs. 

The general trend that the scattering becomes more specular with increasing angles of incidence 
for gases scattering from the solar panel, SiOg-coated Kapton, and Kapton can be inferred from 
Figs. 33 64. As the angle of incidence increases, the lobes become much larger because ol the way 
in which the angular distribution function is normalized according to the equation 

fl(0,6)di 2=1. (29) 

This behavior has fundamental physical significance. As the angle of incidence increases, the size 
of the lobes also increases, meaning fewer particles scatter out of the plane formed by the average 
velocity of the incident molecules and the surface normal. This effect is more pronounced for N^. 
(X), and C0 2 than for H 2 and for the larger incident velocities. 

The figures show that scattering from Z-93-coated aluminum is nearly diffuse for all angles of 
incidence. This result was observed for all gases incident upon Z-O.’Tcoated aluminum and at all 
incident velocities. Nearly diffuse scattering is most likely due to the extremely rough surface 
morphology of Z-93-coated aluminum. 

Tables 65- 67 compare measurements of the reduced force coefficients for N’ 2 . CX). and CO 2 made 
with the carrier gases H 2 and He. The data agree to within the uncertainty of the measurements 
for all angle's of incidence except 85°. At this angle of incidence alignment of the sample with the 
molecular beam is extremely critical. A minor misalignment could result in a fraction of the beam 
missing the sample. The large discrepancy at the angle of incidence of 85° could be due to this 
effect. 

6 Conclusions 

A new formalism has been used to analyze the average' momentum transferred to surfaces by 
incident gases. This new formalism eliminates the singularity problems associated with the 
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momentum accommodation coefficients and can be used to uniquely determine the Nocilla 
gas-surface interaction model parameters. The formalism eliminates the need to measure energy 
accommodation coefficients, thereby reducing the number of experimentally determined 
parameters required to obtain the Nocilla model parameters. 

The results discussed in this report show that molecules scatter from technical surfaces more 
specularly as the angle of incidence increases, and that the scattering has a strong dependence 
upon both the incident gas and velocity. These results show that for some technical surfaces the 
simple assumption of diffuse scattering with complete thermal accommodation is entirely 
inadequate. 
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Figure 2: The data for 2590 m/s H 2 incident upon Si02-coated Kapton. 


Table 2: 2590 m/s H 2 incident upon Si02-coated Kapton 


Qi (degrees) 
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25 

50 

75 
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0.307 1.48 0.585 

0.584 1.26 0.645 
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Table 3: 2590 m/s Hg incident upon Kapton 
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Figure 4: The data for 2590 m/s IF incident upon Z-93-coated aluminum. 


Fable 4: 2590 m/s H 2 incident upon Z-93-coated aluminum 
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5: The data for 1870 m/s N 2 incident upon the solar panel. 


Table 5: 1870 m/s N 2 incident upon the solar panel 


(m/s) 9 3 (degrees) 


9i (degrees) 
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0.920 
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Figure 6: The data for 1870 m/s N 2 incident upon SiC> 2 -coated Kapton. 


Table 6: 1870 m/s N 2 incident upon Si02-coated Kapton 


(m/s) 9 S (degrees) 


(degrees) 


0 
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0 

0.938 

0.977 

4.23 x10 s 
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0.603 

0.462 

865 
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Figure 7: The data for 1870 m/s N2 incident upon Kapton. 


Table 7: 1870 m/s N2 incident upon Kapton 


0i (degrees 

) ft 

In 

V H /Vi 
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0 8 (degrees) 



vj (m/s) 2 

0 

0 

1.25 

0.248 
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0 
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0.366 

1.19 

0.288 
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0.727 

0.860 
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85 
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Figure 9: The data for 187U m/s C’O incident upon the solar panel 
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Table 9: 1870 m/s CO incident upon the solar panel 


(m/s) 9 S (degrees) 


0 

1.26 

0.260 

488 

{ 

0.366 

1.18 

0.279 

524 

H 

0.634 

0.948 

0.333 

624 

2: 

0.688 

0.577 

0,123 

793 

41 

0.530 

0.338 

0,530 

993 

61 





o (degrees) Reduced Force Coefficients 


6. (degrees) 


e. (degrees) 


Figure 10: The data for 1870 m/s CO incident upon Si02-eoated Kapt 
Table 10: 1870 m/s CO incident upon Si02-coated Kapton 
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Figure 13: The data for 1670 m/s CO *2 incident upon the solar panel 


Table 13: 1670 m/s CO 2 incident upon the solar panel 
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Figure 15: The data for 1670 m/s C0 2 incidenl upon Kapton 


Table 15: 1670 m/s CO 2 incident upon Kapton 
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Figure 19: The data for 4620 m/s H 2 incident upon Kapton. 
Table 19: 4620 m/s Hj incident upon Kapton 
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Figure 20: The data for 4620 m/s H 2 incident upon Z-93-coated aluminum. 


1 able 20: 4620 111 /s 1 1 2 incident upon Z-93-coated aluminum 
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Figure 21: The data for 3180 m/s incident upon the solar panel 

Table 21: 3180 m/s N 2 incident upon the solar panel 

0j (degrees) ft /,, ~ a /~ t 77 a (m/s) 0 S (degrees) 

0 0 1.28 0.282 896 0 0.813 0.933 1.02x10“ 

25 0.400 1.19 0.287 912 4.60 0.807 0.930 1.05x10“ 

50 0.662 0.942 0.317 1010 19.1 0.773 0.912 1.24x10“ 

75 0.653 0.593 0.458 1460 43.1 0.614 0.801 2.35x10“ 

85 0.468 0.371 0.600 1910 61.8 0.453 0.649 3.88x10“ 
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Figure 22: The data for 3180 m/s incident upon Si02-coated Kapton. 


Table 22: 3180 m/s Ng incident upon Si02-coated Kaptoii 
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Figure 23: The data for 3180 m/s N 2 incident upon Kapton. 
"Fable 23: 3180 in/s N 2 incident upon Kapton 
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Figure 24: The data for 3180 m/s N 2 incident upon Z- 9 3- coated aluminum. 


Table 24: 3180 m/s N 2 incident upon Z-93-coated aluminum 
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Figure 26: The data for 3200 m/s CO incident upon Si0 2 -coated Kapton 


Table 26: 3200 m/s CO incident upon Si02-coated Kapton 
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Figure 27: The data for 3200 m/s CO incident upon Kapton. 


Table 27: 3200 m/s CO incident upon Kapton 
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Figure 28: The data for 3200 m/s CO incident upon Z-93-coated aluminum. 


Table 28: 3200 m/s CO incident upon Z-93-coated aluminum 
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are 29: The data for 2840 in/s CO 2 incident upon the solar panel 
Table 29: 2840 m/s CO 2 incident upon the solar panel 


ft h 'Us (m/s) 0 S (degrees) 

0 1.14 0.130 
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Figure 30: The data for 2840 m/s C0 2 incident upon Si0 2 -coated Kapt 


Table 30: 2840 m/s C0 2 incident upon Si0 2 -coated Kapton 
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25 0.383 1.10 0 

50 0.635 0.883 0.274 777 28.6 

0.625 0.548 0.447 1270 49.6 

0.518 0.368 0.555 1580 59.6 


In 

V a fVi 

V a (m/s) 

0 M (degrees) 

/* 

t' 

vj (m/s) 2 

1.21 

0.207 

587 

0 


0.885 

0.968 

4.83xl0 5 

1.10 

0.199 

564 

11.6 


0.895 

0.971 

4.56 x10 s 

0.883 

0.274 

l i i 

28.6 


0.811 

0.935 

7.45 x10 s 

0.548 

0.447 

1270 

49.6 


0.617 

0.809 

1.76x10 s 

0.368 

0.555 

1580 

59.6 


0.497 

0.700 

2.64 x10 s 
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Figure 31: The data for 2840 m/s COg incident upon K apt on. 


Table 31: 2840 m/s COg incident upon Kapton 


0i (degrees) 

ft 

In 

V a /Vi 

v s (m/s) 

0 3 (degrees) 

/' 

d 

<’« (m/s) 2 

0 




561 

0 

0.896 

0.972 

4.52 x 10 5 

25 




559 

8.55 

0.897 

0.972 

4.50x 10' r> 

50 

0.670 

0.883 

0.259 

735 

21.7 

0.827 

0.943 

6.80 x 10 5 

75 

0.685 

0.530 

0.391 

1110 

46. 1 

0.680 

0.857 

1.38x10° 

85 

0.574 

0.321 

0.483 

1370 

61.1 

0.578 

0.776 

2.03x10° 
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Figure 32: The data for 2840 m/s CO <2 incident upon Z-93-coated aluminum. 


Table 32: 2840 m/s CO 2 incident upon Z-93-t:oated alumi num 


6i (degrees) 

ft 

fn 

Vs/Vi 

v a (m/s) 

0 S (degrees) 

/* 

d 

IhiMyl 

0 

0 

1.15 

0.148 

421 

0 

0.951 

0.989 

3.13x10* 

25 

0.429 

1.04 

0.134 

CO 

00 

0 

-2.52 

0.967 

0.993 

2.80 xlO 5 

50 

0.794 

0.809 

0.169 

479 

-9.54 

0.928 

0.982 

3.66 x10 s 

75 

0.998 

0.414 

0.158 

449 

-11.6 

0.940 

0.986 

3.38 x10 s 

85 

0.996 

0.219 

0.132 

373 

0.076 

0.969 

0.993 

2.75 x10 s 
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Figure 33: Tlie angular distribution functions for 2590 m/s Ha incident upon the solar panel. 


Table 33: The Nocilla model parameters for 2590 m/s II 2 incident upon the solar panel. 


Or (degret 

*) A’ 

U (m/s) 

0 U (degrees) 

r, (K) 

0 

0.309 

454 

0 

263 

25 

0.331 

491 

33.7 

263 

50 

0.718 

968 

24.3 

221 

75 

0.594 

831 

42.1 

237 

85 

0.706 

1070 

114 

278 
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Figure 34: The angular distribution functions for 2590 m/s H 2 incident upon Si0 2 -coated Kapton. 


Table 34: The Nocilla model parameters for 2590 m/s H 2 incident upon SiQ 2 -coated Kapton. 


Pi (degrees) S U (m/s) 0 U (degrees) T s (K) 


0 

0.0860 

136 

180 

304 

25 

0.326 

482 

38.5 

265 

50 

0.657 

901 

31.5 

228 

75 

0.831 

1090 

33.4 

210 

85 

0.757 

1030 

58.6 

225 
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Figure 35: The angular distribution functions for 2590 m/s H 2 incident upon Kapton. 


Table 35: The Nocilla model parameters for 2590 m/s H 2 incident upon Kapton. 


0i (degrees) 

S 

U (m/s) 

0 U (degrees) 

T s (K) 

0 

0.0360 

55.8 

0 

291 

25 

0.447 

641 

19.5 

249 

50 

0.697 

945 

22.7 

223 

75 

0.758 

1010 

21.0 

216 

85 

0.308 

463 

65.9 

275 
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Figure 36: The angular distribution functions for 2590 m/s H 2 incident upon Z-93-ooated aluminum. 


Table 36: The Nocilla model parameters for 2590 m/s H 2 incident upon Z-93-coated aluminum 


Oi (degrees) S U (m/s) Q u (degrees) ?' a (K) 


0 

0.00438 

6.83 

0 

291 

25 

0.115 

1 ( 1 

30.4 

249 

50 

0.466 

663 

4.69 

223 

75 

0.289 

428 

-17.9 

216 

85 

0.188 

300 

-146 

275 
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Figure 37: The angular distribution functions for 1870 in/s incident upon the solar panel. 


Table 37: The Nocilla model parameters for 1870 m/s incident upon the solar panel. 
0% (degrees) S U (m/s) 0 U (degrees) T a (K) 




1 870 m/sec N 2 
SiO -Coated Kapton 


2.0 

I (0,180°) 


1 ( 0 , 0 °) 


Figure 38: The angular distribution functions for 1870 m/s N 2 incident upon Si02-coated Kapton. 


Table 38: The Nocilla model parameters for 1870 m/s N 2 incident upon Si02-coated Kapton. 


9 t (degrees) S U (m/s) 6 U (degrees) T a (K) 


0 

0.531 

214 

0 

273 

25 

0.718 

286 

28.4 

268 

50 

1.32 

505 

37.5 

246 

75 

2.18 

781 

47.7 

216 

85 

2.68 

925 

58.0 

202 
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Figure 39: The angular distribution functions for 1870 in/s incident upon Kapton. 


Table 39: The Nocilla model parameters for 1870 m/s N 2 incident upon Kapton. 


0 t (degrees) 

s 

U (m/s) 

0„ (degrees) 

T„ (K) 

0 

0.540 

217 

0 

273 

25 

0.890 

051 

17.5 

259 

50 

1.31 

199 

28.8 

244 

T5 

1.80 

082 

38,1 

225 

85 

1.85 

082 

48.9 

229 
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Figure 40: The angular distribution functions for 1870 m/s N 2 incident upon Z-93-coated aluminum. 


Table 10: The Nocilla model parameters for 1870 m/s N 2 incident upon Z-93-coated aluminum. 


9i (degrees) 

S 

U (in/s) 

0 U (degrees) 

T s (K) 

0 

0.153 

63.4 

0 

289 

25 

0.237 

97.7 

16.2 

286 

50 

0.529 

213 

9.71 

274 

75 

0.532 

214 

1.86 

273 

85 

0.265 

109 

8.92 

284 
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Figure 41: The angular distribution functions for 1870 m/s CO incident upon the solar panel. 


Table 41: The Nocilla model parameters for 1870 m/s CO incident upon the solar panel. 


9j (degrees) 

.S' 

U (m/s) 

0„ (degret 

*0 T s (K) 

0 

0.655 

261 

0 

268 

25 

0.822 

324 

19.0 

262 

50 

1.24 

477 

31.2 

248 

75 

1.88 

693 

48.9 

229 

85 

2.50 

921 

71.7 

213 
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Figure 42: The angular distribution functions for 1870 ni/s CO incident upon Si0 2 -coated Kapton. 


Table 42: The Nocilla model parameters for 1870 m/s CO incident upon SiOg-coated Kapton. 


0i (degrees) 

S 

U (m/s) 

6 U (degrees) 

T s (K) 

0 

0.548 

220 

0 

273 

25 

0.700 

279 

28.2 

269 

50 

1.28 

492 

36.2 

247 

75 

2.09 

756 

48.0 

220 

85 

2.57 

898 

58.2 

206 
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Figure 43: The angular distribution functions for 1870 m/s CO incident upon Kapton. 


'Fable 43: The Nocilla model parameters for 1870 m/s CO incident upon Kapton. 


0i (degrees) 

s 

U (m/s) 

0 U (degrees) 

T s (K) 

0 

0.645 

257 

0 

269 

25 

0.913 

358 

15.7 

258 

50 

1.28 

490 

28.5 

245 

75 

1.80 

663 

38.6 

228 

85 

1.80 

666 

48.9 
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Figure 44: The angular distribution functions for 1870 in/s CO incident upon Z-93-coated alu- 
minum. 


Table 44: The Nocilla model parameters for 1870 m/s CO incident upon Z-93-coated aluminum. 


9i (degrees) 

S 

U (m/s) 

6 U (degrees) 

T s (K) 

0 

0.204 

84.1 

0 

287 

25 

0.268 

110 

13.3 

284 

50 

0.542 

218 

9.97 

273 

75 

0.536 

216 

1.48 

273 

85 

0.277 

113 

5.34 

284 


56 



0 ° 



90 ° 


Figure 45: The angular distribution functions for 1670 m/s C0 2 incident upon the solar panel. 


Table 45: The Nocilla model parameters for 1670 m/s C() 2 incident upon the solar panel. 


0i (degrees) 

s 

U (m/s) 

0 U (degrees) 

Ts (K) 

0 

0.432 

140 

0 

279 

25 

0.587 

189 

21.6 

274 

50 

0.975 

307 

34.7 

262 

75 

1.59 

485 

52.9 

248 

85 

2.47 

739 

78.8 

236 
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Figure 46: The angular distribution functions for 1670 m/s CO 2 incident upon SiOs-coated Kapton. 


Table 46: The Nocilla model parameters for 1670 m/s CO 2 incident upon SiOj-coated Kapton. 


0i (degrees) 

S 

U (m/s) 

6 U (degrees) 

Ts (K) 

0 

0.212 

69.7 

0 

287 

25 

0.395 

129 

47.1 

284 

50 

1.07 

335 

42.5 

261 

75 

1.87 

560 

52.8 

238 

85 

2.36 

692 

63.0 

227 
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Figure 47: The angular distribution functions for 1670 m/s C0 2 incident upon Kapton. 


Table 47: The Nocilla model parameters for 1670 m/s CQ 2 incident upon Kapton. 


0i (degrees) 

s 

U (ni/s) 

0 U (degrees) 

T a (K) 

0 

0.405 

142 

0 

280 

25 

0.6.47 

204 

19.8 

272 

50 

1.02 

418 

42.4 

260 

75 

1.57 

478 

44.6 

244 

85 

1.67 

509 

55.4 

246 
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Figure 48: The angular distribution functions for 1670 m/s C’0 2 incident upon Z-93-coated alu- 
minum. 


Table 48: The Nocilla model parameters for 1670 m/s CQ 2 incident upon Z-93-coated aluminum. 


0i (degrees) 

S 

U (m/s) 

9 U (degrees) 

T s { K) 

0 

0.00572 

1.92 

180 

295 

25 

0.0613 

20.4 

85.7 

295 

50 

0.363 

118 

14.9 

282 

75 

0.382 

124 

6.55 

281 

85 

0.101 

33.4 

38.1 

292 
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Figure 49: The angular distribution functions for 4620 m/s H 2 incident upon the solar panel. 


Table 49: The Nocilla model parameters for 4620 m/s II 2 incident upon the solar panel. 
Oj (degrees) S U (m/s) 0 U (degrees) 7/ (K) 


0 

1.80 

2290 

0 

197 

25 

1.81 

2310 

6.05 

197 

50 

1.93 

2420 

12.1 

191 

75 

2.06 

2540 

26.5 

185 

85 

2.06 

2570 

50.9 

189 
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Figure 50: The angular distribution functions for 4620 m/s H 2 incident upon Si0 2 -coated Kapton. 


Table 50: The Nocilla model parameters for 4620 m/s H 2 incident upon Si0 2 -coated Kapton. 


0i (degrees) 

S 

IJ (m/s) 

0 H (degrees) 

T s (K) 

0 

1.68 

2170 

0 

204 

25 

1.59 

2080 

10.2 

208 

50 

1.93 

2420 

15.7 

191 

75 

2.16 

2630 

28.6 

180 

85 

2.19 

2670 

40.2 

180 
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Figure 51: The angular distribution functions for 4620 m/s H 2 incident upon Kapton. 


Table 51: The Nocilla model parameters for 4620 m/s ll 2 incident upon Kapton. 


6 1 (degrees) 

s 

U (m/s) 

0 a (degrees) 

t . ; (K) 

0 

1.23 

1680 

0 

228 

25 

1.26 

1720 

11.5 

226 

50 

1.72 

2220 

13,1 

202 

75 

1.76 

2260 

26,1 

200 

85 

1.46 

1070 

45.1 

220 
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Figure 52: The angular distribution functions for 4620 m/s H 2 incident upon Z-93-coated aluminum. 


[able 52: The Nocilla model parameters for 4620 m/s H 2 incident upon Z-93-coated aluminum. 


Oi (degrees) S U (m/s) 0 U (degrees) T 8 (K) 


0 

0.760 

1100 

0 

254 

25 

0.598 

881 

7.95 

263 

50 

1.12 

1560 

-3.17 

234 

75 

1.02 

1440 

-13.6 

240 

85 

0.618 

910 

-17.4 

263 
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Figure 53: The angular distribution functions for 3180 m/s N 2 incident upon the solar panel. 


Table 53: The Nocilla model parameters for 3180 m/s N 2 incident upon the solar panel. 


0 l (degrees) 

s 

U (m/s) 

0 U (degrees) 

T, (K) 

0 

2.06 

802 

0 

318 

25 

2.11 

820 

5.12 

255 

50 

2.38 

026 

20.8 

255 

75 

3.54 

1400 

45.3 

264 

85 

4.55 

1860 

64.6 

283 
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Figure 54: The angular distribution functions for 3180 m/s N 2 incident upon Si() 2 -coated Kapton. 


Table 54: The Nocilla model parameters for 3180 m/s N 2 incident upon SiQ 2 -coated Kapton. 


6i (degrees) S U (m/s) 0 tl (degrees) '/ s (K) 


0 

1.98 

771 

0 

255 

25 

1.83 

714 

10.9 

256 

50 

2.43 

947 

26.5 

256 

75 

3.77 

1500 

48.4 

267 

85 

4.48 

1820 

58.5 

277 
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Figure 56: The angular distribution functions for 3180 in/s N 2 incident upon Z-93-coated aluminum. 


Table 56: The Nocilla model parameters for 3180 m/s N 2 incident upon Z-93-coated aluminum. 
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Figure 57: The angular distribution functions for 3200 m/s CO incident upon the solar panel 


Table 57: The N ocilla model parameters for 3200 in/s CO incident upon the solar panel. 
0i (degrees) 8 U (ni/s) 0 U (degrees) T s (K) 


821 

0 

2. 

836 

4.32 

2 

939 

20.1 

2 





0 ° 



I (0,1 80°) 1(0, 0°) 


Figure 58: The angular distribution functions for 3200 m/s CO incident upon Si0 2 -coated Kapton. 


Table 58: The Nocilla model parameters for 3200 m/s CO incident upon SiOg-coated Kapton. 


0i (degrees) 

s 

U (m/s) 

0 U (degrees) 

T s (K) 

0 

1.95 

758 

0 

254 

25 

1.83 

713 

11.1 

256 

50 

2.44 

947 

26.6 

255 

75 

3.79 

1490 

48.1 

263 

85 

4.48 

1800 

58.2 

273 
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Figure 59: The angular distribution functions for 3200 m/s CO incident upon Kapton. 


Table 59: The Nocilla model parameters for 3200 m/s CO incident upon Kapton. 


0, (degrees) 

.S' 

U (m/s) 

0 U (degrees) 

r, (K) 

0 

1.53 

599 

0 

258 

25 

1.56 

610 

12.3 

258 

50 

2.26 

879 

22.5 

255 

75 

3.33 

1310 

47.1 

261 

85 

3.91 

1570 

62.2 

271 
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Figure 60: The angular distribution functions for .3200 m/s CO incident upon Z-93-coated alu- 
mi num. 


Table 60: The Nocilla model parameters for 3200 m/s CO incident upon Z- 93- coated aluminum. 


6i (degrees) 

S 

U (m/s) 

9 U (degrees) 

Ts( K) 

0 

0.889 

356 

0 

270 

25 

0.724 

292 

-4.31 

274 

50 

1.30 

511 

-14.7 

262 

75 

1.06 

420 

-15.7 

267 

85 

0.688 

278 

-9.42 

275 
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Figure 61: The angular distribution functions for 2840 m/s C() 2 incident upon the solar panel. 


Table 61: The Nocilla model parameters for 2840 m/s CQ 2 inch lent- upon the solar panel. 


0 X (degrees 

) s 

U (m/s) 

0 U (degrees) 

T, (K) 

0 

0.605 

196 

0 

278 

25 

0.942 

302 

30.5 

273 

50 

1 .95 

618 

42.4 

264 

75 

3.71 

1200 

55.5 

277 

85 

4.87 

1670 

70.3 

310 
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Figure 62: The angular distribution functions for 2840 m/s CO 2 incident upon SiO‘ 2 -coated Kapton. 


Table 62: The Nocilla model parameters for 2840 m/s CP 2 incident upon SiCVcoated Kapton. 


6i (degrees) S U (m/s) 0 U (degrees) T s (K) 


0 

1.56 

489 

0 

260 

25 

1.46 

459 

14.3 

262 

50 

2.26 

707 

31.8 

260 

75 

3.80 

1230 

52.1 

276 

85 

4.61 

1540 

62.1 

295 
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Figure 63: The angular distribution functions for 2840 m/s C0 2 incident upon Kapton. 


Fable 63: The Nocilla model parameters for 2840 m/s CQ 2 incident upon Kapton. 


0i (degrees 

) .s- 

U (m/s) 

0u (degrees) 

T s (K) 

0 

1.45 

455 

0 

261 

25 

1.44 

452 

10.6 

261 

50 

2.11 

660 

24.3 

259 

75 

3.32 

1060 

48.9 

270 

85 

4.03 

1380 

64.7 
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Figure 64: The angular distribution functions for 2840 m/s C0 2 incident Z-93-coated aluminum. 


Table 64: The Nocilla model parameters for 2840 m/s CQ 2 incident upon Z-93-coated aluminum. 


0i (degrees) 

S 

U (m/s) 

9 U (degrees) 

T s (K) 

0 

0.792 

254 

0 

273 

25 

0.564 

183 

-5.25 

279 

50 

1.08 

344 

-13.3 

267 

75 

0.935 

299 

17.6 

271 

85 

0.526 

171 

0.166 

280 
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Table 65: Comparison of the Reduced Force Coefficient measurements for 1870 m/s N 2 incident 
upon the solar panel made with the carrier gases Hg and He. 


0, (degrees) j) He ft H 2 J) Vt Diff- f n He /„ II 2 ./ „ % IF 11. 


0 

0 

0 

0 

1.34 

1 .26 

6.0 

25 

0.379 

0.362 

4.6 

1.24 

1.17 

6.4 

50 

0.6-18 

0.628 

3.2 

1.02 

0.949 

7.7 

75 

0.696 

0.679 

2.6 

0.643 

0.581 

10.7 

85 

0.578 

0.522 

10.7 

0.430 

0.340 

26.6 


7 able 66: Comparison of the Reduced Force Coefficient measurements for 1870 m/s CO incident 
upon the solar panel made with the carrier gases_H 2 and_He. 


9j (degrees) ft He ft II 2 /f % Diff. /» He /» H 2 fn % C)iff. 


0 

0 

0 

0 

1.33 

1.26 

5.6 

25 

0.382 

0.366 

4.3 

1.24 

1.18 

5.1 

50 

0.656 

0.634 

3.5 

0.997 

0.948 

5.1 

75 

0.725 

0.688 

5.3 

0.632 

0.577 

9.6 

85 

0.595 

0.530 

12.2 

0.414 

0.338 

22.5 


Table 67: Comparison of the Reduced Force Coefficient measurements for 1670 m/s C0 2 incident 
upon the sol ar panel made with the carrier Rases H 2 and He. 


(degrees) 

J) He 

ft n 2 

ft % Diff- 

fn He 

.fn H 2 . 

fn % Diff. 

0 

0 

0 

0 

1.27 

1.21 

5.3 

25 

0.374 

0.381 

1.7 

1.19 

1.13 

5.3 

50 

0.653 

0.661 

1.2 

0.961 

0.891 

7.8 

75 

0.719 

0.731 

2.1 

0.588 

0.519 

13.4 

85 

0.608 

0.562 

8.3 

0.368 

0.288 

27.6 
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